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-AL IXVESTIGATION OF A HIGH SUBSONIC MACH mLTMBm TURBINE 

HAVING LOW ROTOR SUCTION-SURFACE DIFZUSION 
# 

By Cavour H. m u s s  and William J. Nusbaum 

As part  of a program to establish limits f o r  the aerodynamic design 
parameters of the turbine component f o r  advanced  supersonic a i r c ra f t ,  a 
number of experimental  turbines are currently  being  investigated. The 
cold-air  turbine  investigated  herein was designed fo r  a high weight f l b w  
per  un i t   f ron ta l  area, a high  specific work output, and a rotor  h* inlet 
r e l a t i v e   c r i t i c a l   v e l o c i t y   r a t i o  of 0.82. 

The performance of t he  turbine w a s  determined  over a range of oper- 
ating  conditions. A t  the  equivalent  deeign  blade  speed  and work output, 

was 0.875, which is allnost as  high as those  obtained i n  conservatively 
designed  turbines. I n  running  the  turbine a t  the point of l imiting blade 
loading  for  the  rotor and equivalent  design  blade speed, the  efficiency 
dropped 0.05 from that obtained a t  the design  point. This increase in 
loss was apparently  caused by the  shock waves and  attendant boundary- 
layer  losses on the portion of the rotor  blade  suction  surface downstream 
of t h e  channel  exit.  The calculated  ra t io  of effect ive  rotor  blade m- 
mentum thickness t o  mean canher length of 0.0104 at the design  operating 
point agrees reasonably w e l l  w i t h  the results of previous work on other 
turbines . 

c the  brake internal  efficiency  based on the actual   total -pressure  ra t io  

I 

INTRODUCTION 

The turbine component suitable for use i n  the  power plant of  an 
advanced supersonic  aircraft  should have a high  specific work output  per 
stage and high mass flow per un i t   f ron ta l  =ea. These requirements 
necessi ta te   the use of high r e l a t ive  Mach nunibers a t  the rotor  entrance 
and low hub-t ip  radius r a t io s  without a sizeable  reduction  in  turbine 
efficiency from that obtainable  with more conservative  designs. 

c A s  part of a program t o  establish values of design  parameters that 
w i l l  result in high effi@f?@%es"in t e b i n 9 .  . ,  Rjrzthe  previously described 
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application, a number of experimental  turbine  design  configurations have 
been and are  currently  being  investigated  at  the NACA Lewis laboratory. 

t ies through  the blade rows is shown t o  have a design-pint   eff ic iency 
of 0.89. This  turbine w a s  designed f o r  a hub- t i p   r a d i u s   r a t i o  of 0.60, 
giving a re la t ive ly  high  value  of  weight flow per unit frontal   area.  The 
ro tor  hub in l e t   c r i t i ca l   ve loc i ty   r a t io  was only 0.6, however, thue 1- 
i t i ng   t he  work output t o   r e l a t ive ly  low values. 

In  reference 1, for  example, a turbine  designed  for  conservative  veloci- P 

Efficiencies as high as 0.87 may be obtained i n  turbines  designed 
for  much higher  velocity  levels,  as shown in  references 2 t o  4 .  These 
turbines w e r e  designed fo r  a ro tor  hub inlet re la t ive   c r i t i ca l   ve loc i ty  
r a t i o  of 1.0 and a hib- t ip  radius r a t i o  of 0.70. Thus, while  the work 
output of this   turbine i s  considerably  higher  than  the  conservatively 
designed  turbine of reference 1, the  efficiency is s l igh t ly  lower and the - 
weight-flow  capacfty is reduced. 

I n  consideration of these  resul ts  it waq believed  that  high effi- 
ciency  could  be  obtained i n  a single-stage  turbine w i t h  a rotor  hub i n l e t  
r e l a t ive   c r i t i ca l   ve loc i ty   r a t io  of about 0.8. This increase   in   in le t  
r e l a t ive   c r i t i ca l   ve loc i ty   r a t io  over that   in   reference 1 resul t s  in an 
increase in specific work output for  a given ro ta t ive  speed. If a hub- 
t i p  radius   ra t io  of 0.60 is used, the  weight flow per unit f ronta l  area 
i s  about t he  same as   tha t   for   the  twcbine of reference 1. Thus, with a 
high  weight  flow  per un i t   f ron ta l  area and a high efficiency a t  high 
specific work output,  the proposed turbine should be  particularly well 
suited  for  use  in the power plant of an  sdvmced  supersonic a i r c ra f t .  

. .. 

F 
c a 

The present  investigation  presents  the aerodynamic blade  design \ 
[method and the performance character is t ics   of .   the  %*et of a ser ies  of 
i turbines  designed  according to  the  previously  stated  specifications.  .! I 

In  the  present  rotor  blade  design,  the  diffusion-of.  the  suction- 
surface  velocity i s  held t o  comparatively  conservative  limite. The 
suction-surface  diffusion  parameter is held t o  zero at the hub  and is 
small at other radii. In the  design of the  rotor  blade passage, rad ia l  
equilibrium of the flow was maintained by assuming a free-vortex condi- 
t i on  along r ad ia l  elements  through the mean streamlines. The quaei- 
three-dimensiond  design  procedure used for   the  s ta tor   blades i s  pre- 
sented  herein. 

The turbine performance was obtained  over a range  of  speed f r o m  60 
t o  l l 0  percent of design  rotative speed  and actual   total -pressure  ra t ios  
from 1.3 to  the  limiting-loading  condition  (about 2.2 ) . The inlet tem- 
perature and pressure w e r e  nominally 80' F and 24.6 pounds per square 
inch  absoluze,  respectively. 
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TURBINE DESIGN 

R e q W  ement s 

3 

It w a s  des i red   to  design a turbine  having  high wezght flaw per unit 
f ron ta l  area and high work output  while a t  the same time maintaining good 
aerodynamic blading eff icFency. 

The cold-air  turbine  used in this investigation is 14 inches i n  ai- 
ameter and has a constant  hub-tip  radius  ratio of 0.60. The over-all de- 
sign  requirements, which were chosen for   appl lcat ion of the turbFne in  
the  power plant of an advanced supersonic  aircraft ,  are as follows: 

Equivalent spec-Lfic work output,  Btu/lb . . . . . . . . .  20.60 
Equivalent w e i g h t  flow, wc&/6, lb/sec . . . . . . . . . . . .  16.10 
Equivalent blade t i p  speed, Ud&, f t /sec . . . . . . . . . . . .  720 

(All syuibols are defined i n  appendix A . )  

Velocity D i e g r a m s  

The design  velocity diagrams at the free-stream s ta t ions  1, 3, and 
‘I 5 w e r e  determined on the  bas is of the following assumptions: 

(I) &ee-vortex flow 

(2) simplified radial equilibrium 

(3) Stator over-all total -pressure  ra t io  pi/p; of 0.98 

(4) Over-all  adiabatic  efficiency  design  value of 0.90 

These velocity diagrams together with those  calculated for s ta t ions  2 
and 4 (just upstream of the blade trailing edge in t he   s t a to r  and rotor,  
respectively) are presented i i f i g m e  1. 

These diagrams show that, because of the relatively l o w  radius   ra t fo  
(0.60) and because of the free-vortex  design, a rather wide var ia t ion 
occurs i n  t he  f l o w  conditions from hub t o   t i p   i n   b o t h   t h e   s t a t o r  and 
rotor .  For example, the c r i t i ca l   ve loc i ty   r a t io  V/a& at the s t a to r  
ex i t   ( s t a t ion  3) varies from a supersonic  value (1.146) at the hub t o  
0.775 a t  the t i p  section. The sir-turning  angle  through the  rotor  
p3 - p5 v m i e s  from 95O at the hul, t o  4l.2O a t  t h e   t i p   s e c t i o n .  The 

the  t i p .  Thus, there fs considerable t w i s t  requlred i n  the  rotor  blade 
from hub t o   t i p   s e c t i o n s .  

I 

c r e l a t ive  inlet-air angle fi3 varies from 54.8O at the  hub t o  - 9 . 4 O  a t  
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A t  t he  hub of the rotor,  the  r e l a t ive  inlet c r i t i ca l   ve loc i ty   r a t io  

(W/a&)3 is  0.824, and the  free-stream value at the   ex i t  (W/a& is 
0,888, indicating a elight  posit ive  reaction  acrose  the  rotor  (f ig.   l(a)) .  Y 

The energy loss  caused by the w h i r l  component of the absolute ve- 
loc i ty  at the  rotor   exi t   (s ta t ion 51, mass-averaged  over t h e  blade . 

height, amounts t o  0.8 percent  of  the  design work output. 

Velocity diagrams a t   s t a t ions  2 and 4 ,  just upstream of t h e  s t a to r  
and rotor   blade  t ra i l ing edges, respectively, were calculated in a manner 
similar t o  that described  in  reference 2. Between s ta t ions 2 and 3 i n  
the s t a to r  and a l so  between s ta t ions 4 and 5 in the rotor  it was assumed 
t h a t  no change occurred in the  tangential   velocity component. A stator-  
ou t le t  t o  - inlet   to ta l -pressure  ra t io  @/pi of 0.99 was assumed, and 
zero  pressure loss waa assumed between s ta t ions 4 and 5 in   the   ro tor .  
Thus, the  velocity diagrams at s ta t ions 2 and 4 can  be  determined on the 
basis of continuity and trailing-edge  blockage  factors, which can be 
calculated from the  number of blades, the flow angle downstream of the 
t r a i l i n g  edge, and the trailing-edge  thickness  for each blade row. 

The re la t ive   ve loc i t ies  a t  the rotor   exi t   (s ta t ion 4 )  approach the 
limiting-loading  condition  quite  closely. The max im  a t t a inab le   r e l a t ive  
tangential   velocity component W,/a& f o r  a blade wi th  a s t ra ight  suc- 
t ion  surface downstream of the throat  and with a given e x i t  flow angle 
(measured from t h e  tangential   direction) i s  given in figure 3 of refer-  
ence 5. Although the  rotor  blades w e r e  designed with some curvature 
downstream of the  throat,  a Cl08e approximation of the   l imi t ing- lad ing  
condition i s  obtained by usfng  the  relative flow angle p4 i n  reading 
t h i s  flgure. This process  indicates that at  the  design  condition the  
t i p   s e c t i o n  of the  rotor  blade i s  at  the  limiting-loading  condition, 
while  t h e  mean and hub sections approach this condition  closely. Also, 
the relatively  high  blockage  causes  the  rotor  to  be choked a t  s t a t ion  4, 
with cr i t ical   veloci ty   ra t ios   ranging from 0.996 a t   t h e  hub t o  1.094 a t  
the   t i p   s ec t ion  (figs. l ( a )  and (e>,   respect ively) .  

Stator Blade  Design 

In the  design of stator  blades,  obtaining mfnimum blade viscous 
losses is desired. For a given blade height, th is  can be accomplished 
by optimizing  the  solidity and the  number of blades using the procedure 
of reference 6 as  outlined  in the next  section. 

It was assumed that  simplified  radial   equilibrium  exists  along  radial  m 

elements a t  each axial  station  through  the  blade  passage. The to ta l -  
pressure drop between s ta t ions 1 and 2 is assumed t o  occur  l inearly  in 
the axial   d i rect ion.  

a 
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Procedure. - In general,  the  three-dimensional  blade  design  procedure 
of references 2 and 7 was used i n  designing  the  stator  blades. The design 

between the  method used for   the   subjec t   s ta tor  blades and those of the  
references: 

.. procedure i s  outlined  herein, however, because  there are some differences 

(1) The so l id i ty  a t  the mean blade  section was selected  using  the 
c r i t e r i a  of  reference 8 which are shown by  reference 6 to  give  values 
c lose   t o   t he  optimum sol id i ty .  As shown in   re fe rence  6, t he  effect of 
varying  the number of blades on the  blade  viscous loss is almost  negli- 
g ib le   in   the   range  of the optimum nu?.tiber of  blades;  therefore,  considering 
the  trailing-edge  blockage  required,  the number of blades was se lec ted   to  
be   s l igh t ly  less than  the optimum rider indicated i n  the  reference. The 
ax ia l  chord ,at the  mean blade  section was then  estimated from t he   so l id l ty  
and an estimated  value  of  the  blade-chord  angle yo. 

(2)  In  an  attempt  to  obtain  constant  blade loading from the  hub t o  
the   t ip   b lade   sec t ions ,   the   ax ia l  chords at  the hub, mean, and t i p   r a d i a l  
s ta t ions were calculated by the  method presented i n  appendix B. 

(3) A blade  shape was first  approximated as follows: 

(a) For the  hub,  mean, and t i p   r a d i a l   s t a t i o n s ,  a s t ra ight  
suction  surface was drawn from the   th roa t   to  the t r a i l i n g  edge a t  
angles -,h, a ~ , ~ ,  and %,t, respectively. The procedure fo r  
calculating  these  angles is presented in appendix C. 

(b) The first approximate prof i les  were then la id   out  so  t ha t  
the  larger  portion of the  turning  takes  place near the  blade 
leading edges where the  flow has l o w  momentum. Positions  of ve- 
loc i ty   po ten t ia l  lines and midchannel streamlines w e r e  estimated. 

(4) A t  each  section a suction-surface  velocity equal t o   t h e  blade- 
out le t   veloci ty  was assumed along the   ent i re   length of the  suction sur- 
face, and the  pressure-surface  velocity  distributions were then  calculated 
by the  simplified  stream-filament method found in   reference 9. 

(5) By using  the  veloci ty   dis t r ibut ion of s t e p  (41, the   c i rculat ion 
around each sect ion was calculated by numerical integration of t h e   l i n e  
integral  of the  surface  velocity around the  blade. The blade  suction 
surface was then  modified un t i l   t he   c i r cu la t ion   s a t i s f i ed   t he   r e l a t ion  

r = S(Vu , l  - vu,2 1 ( 0  
a 

(6)  The midchannel streamline  velocity  distribution a t  the hub was 
adjusted  to  give a smooth var ia t ion i n  velaci ty  from the  entrance  to  the 
ex i t  of  the  channel.  This  velocity  distribution was then used t o  re- 
calculate  surface  velocit ies.  

- 
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( 7 )  The surface velocities  obtained  in s tep (6)  were used to   reca l -  + 
culate  and check the circulat ion around the hub section as i n   s t e p  (5). 
A check was also made t o  see that the  value of the diffusion parameter Y 

on the suction  surface D, ,did not exceed an  assigned  value of 0.25. 

(8) Velocity  potential  lines w e r e  re located  in   order   to   sat isfy 
i r ro ta t iona l i ty  of the flow. The position of the mean streamline was 
calculated so tha t  equal  mounts of gas would pass on either side as - 

discussed in appendix B of reference 9 .  " - 

01 
0 
-0 (9)  By using the method given - i n  appendix El of reference 7 and the o? 

mean-streamline veloci ty   dis t r ibut ion a t  the  hub from s t ep  (6), the  blade 
shape was analyzed to   ob ta in  the mean-streamline velocity  distribution 
at the  mean and t i p  sections that must exist in order t o   s a t i s f y  
s implified-radial- equilibr ium conditions. 

(10) The mean-streamline velocity  distributions  obtained  in  step (9) 
were then used t o  recompute the surface  velocities a t  the mean and t i p  
sections. 

(11) With the  surface  velocities determined at the three blade sec- 
t ions,  the weight flow was calculated a t  each axial s ta t ion  using the 
method given i n  appendlx B of  reference 7. 

( 1 2 )  If the results of  s tep  (11) indicated that the blade would not - 
pass the design weight flow, then either the blade shape was changed o r  
a different  velocity  distribution was assumed at the hub section.  Steps 
(6)  t o  (11) were then  repeated. m 

(13) Steps (7) and (S), which apply t o  the hub section, were repeated 
for  the.  mean and t i p  sections. 

(14)  Finally, using the calculated mean streamline  positions a t  the 
mean and t i p  sections,  steps (9 )  t o  (12)  w e r e  repeated u n t i l  a final 
sat isfactory blade w a s  evolved. 

The result ing  stator  blade-section  profiles  obtained  in these steps 
are shown i n  figure 2. The coordinates of each of these blade  sections 
are given i n   t a b l e  I(a). Figure 3 is a photograph of half the s t a to r  
casing wi th  the  blades in  place.  

In  order  to  obtain the final blade shape, t he  s t a t o r  blade profiles 
fo r  the  hub, mean, ant3 t i p  sections were stacked so that  t h e  midpoints 
of the potential   l ines  acros6 t h e  channel ex i t s  at the  t)lree sections . 

were on a radial l ine .  
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The blade  sections as designed  with  the  previously  described method 

actually  described  the  profiles of the  cylindrical   cross  sections of the  
blade. The  method used for  obtaining  coordinates  for flat templates from 
the  design  blade  sections is discussed  in appendix C of reference 7. 

- 

Discussion. - A8 stated  previously and as s h a m   i n  figure 2, the  
&.cia1 chord of the  stator  varies  considerably from hub t o  t i p ,   t he  chord 
at the hub being only  about  one-third of that a t   t he   t i p .   Th i r ty   s t a to r  
blades were used having  values  of sol idi ty   of  1.3, 1.5, and 1 .6  fo r   t he  
hub, mean, and t ip   sect ions,   respect ively.  In  an attempt to   ob ta in  con- 
stant  blade  loading  over  the  blade  height,  the method of appendix B holds 
constant  the  degree  to h-hich the  design  blade  loading at each radial 
s t a t ion  approaches an "ideal"  blade  loading  for which the exit s ta t ic   p res -  
sure i s  effect ive over the  entire  blade  suction  surface  while  the inlet 
total   pressure i s  _effec$ive over the  pressure  surface. 

The design  velocity  distributions on the mean streamline and the  
blade  surfaces a t  the  hub, mean, anCi t i p  sections are shown i n  figure 4. 
If the  areas enclosed by the  velocity-distribution  curves on the  suction 
and pressure  surfaces a t  each of the   th ree   rad ia l   s ta t ions  w e r e  similar 
in shape, the  pressure- and suction-surface  diffusion parameters would be 
nearly  equal at the  three s ta t ions.  However , the   f ina l   ve loc i ty   d i s t r ibu-  
tions obtained  do  bot satisfy this cr i te r ion .  The velocity on the  pres- 
sure surface is less than  the  inlet   value  for  about 60 percent of the  
surface  length a t  the   t ip   sec t ion ,  whereas the  flow  accelerates from the  
leading edge at the  hub. As a result, the   d i f fus ion  on the  suction sur- 

obtain  the  required  turning  of  the  f low  for  the  chosen  solidity  at  each 
radius. The suction-6urfac.e  diffusion  parameters at the  hub, mean, and 
t i p   s ec t ions   a r e  0.26, 0.18, and 0.10, respectively  ( table II). These 
values  are  considered  satisfactory. In order t o   ob ta in  mre nearly 
constant  diffusion over the  blade  hefght, however, there  should  be  less 
rad ia l   t aper  in the chord  length from t h e   t i p   t o   t h e  hub sections. 

- 
.d faces  increases markedly  from the  t iP  t o   t h e  hub sect ion i n  order t o  

Rotor  Blade  Design 

Procedure. - A three-dimensional  design  procedure w a s  used i n  ob- 
taining  the  rotor  blade  profiles.  The total-pressure  drop between sta- 
t ions 3 and 4 was assumed t o  be l inear   in   the  axial   d i rect ion.  The 
general  procedure u s e d  i n  designing  the two-dimensional blade prof i les  
at each r ad ia l   s t a t ion  is that given  in  reference 10. The  method requires 
boundary conditions  consisting of one'streamline  with  the  velocity  distri-  

through a step-by-step  calculation  process  for  obtaining an arb i t ra ry  
rider of stream filaments,  each  carrying a specified  portion of t he  . 

outermost  streamlines, which w i l l  ca r ry   the   to ta l   b lade  passage mass 
flow. 

I bution on that  streamline. The blade passage  swfaces are then  derived 

., t o t a l  mass flow. The channel boundary (blade  surfaces) is t h e   f i n a l  two 
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The rotor  blade design  procedw-e is given in the foxowing steps: 

(1) The blade  chord at the mean section was chosen a rb i t r a r i l y .  The 

% 

nuniber of blades was then  determined by applying  the  criterion of refer- 
ence 8 (using a coefficient of aerodynamic loading of 0.60) a t   the   blade 
mean section. 

ir 

(2 )  The weight-flow function  f(w) was computed for the  hub, me=-, 
and t i p   s ec t ions  from the  velocity diagram calculations of stat ions 3 
and 4. A t  each radius ,   a   l inear   var ia t ion  in   this   funct ion was assumed 
in   the   ax ia l   d i rec t ion  between these stat ions.  

(3) A t  the hub s ta t ion  a suction  surface was arbi t rar i ly   ass igned t o  
give  the  required  total   turning.  About 8O of turning was assumed both 
upstream and downstream of the guided  channel. The veloci ty   dis t r ibut ion 
was then  assigned on this surface  to  give  zero  diffusion. 

( 4 )  The coordinates and the  velocity  distribution for the  pressure 
surface  of  the blade hub section were determined by applying the method 
of reference 10 i n  a ser ies  of four steps  across  the  guided-channel por- 
t i o n  of t he  blade. The method used assumes a vortex-type  variation of 
streamline  curvature  along  the  equipotential  lines. The curvatures of 
the streamlines were determined by using the curvometer described i n  
appendix B of reference 4. 

(5) The  two surfaces of t he  channel designed i n  steps (3) and ( 4 )  
were faired  to  leading- and trail ing-edge  circles having radii of 0.010 
and 0.015 inch,  respectively. 

(6)  The veloci t ies  on the  blade surfaces were also computed using 
the  l irect   stream-filament method of reference 9. 

( 7 )  The circulat ion r around the  blade was determined from a 
graphical  integration of the  veloci t ies   calculated  in   s tep (6) .  The 
value  obtained W&S compared with tha t  computed  by the re la t ion  

The suction  surface of the blade was then  modified and s teps  (4) t o  (6 )  
repeated  until  equation ( 2 )  and the  condition of zero  suction-surface 
diffusion were sa t i s f ied .  

c 

(8) Using the  mean streamline a t   t h e  hub s ta t ion  and the  calculated . 

velocity on t h i s  streamline,  the  shape of the blade profi les  and the ve- 
loc i ty   d i s t r ibu t ion  f o r  the mean streamlines a t   t h e  mean and t i p   r a d i a l  
s ta t ions were calculated  using  the  free-vortex  relations along r ad ia l  
elements. The  method used i s  presented in appendix D. ., 

* 
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(9)  The procedure  followed in   s t eps  (3) t o  (7)  i n  designing the hub 
blade  section was essentially  repeated  for  the  design of the  blade mean 
and t ip   sec t ions .  The blade  shapes were obtained by constructing  the 
new streamlines  in  both  directions from the  mean streamlines  calculated 
i n  s tep  (8). 

(10) Finally, a t  each ax ia l   s t a t ion  through  the guided passage and 
€n planes  perpendicular t o   t he   t u rb ine   ax i s ,   t he   t o t a l  weight  flow was 
integrated by the  equation 

w = nR lr $’” pw dZ dr (3 1 

In this calculation a l i nea r   vaz i a t ion   i n  static pressure was assumed t o  
exist   across  the passage i n  a tangent ia l   d i rect ion from the   suc t ion   to  
the  pressure  surfaces at each s ta t ion.  This method of calculat ing  the 
weight  flow is the  same as that  described in  reference 3. Where the   e r ror  
in   the   in tegra ted  weight  flow was found t o   b e  greater than 1 percent  of 
the  design  value a t  any s ta t ion ,   a l te ra t ion  of the   p rof i les  was required. 

The resulting  blade-section  profiles  obtained from these  steps are 
shown in   f i gu re  2, and the  coordinates  axe  given i n  table I (b ) .  A photo- 
graph  of the   ro tor  is shown i n  figuze 5. 

In order t o  obtain  the final blade shape, the  prof i les   for   the hub, 
mean, and t i p   s e c t i o n s  w e r e  stacked so tha t   t he   t r a i l i ng  edge of each 
sect ion was tangent to a radial   plane and the  centroid of each section 
l a y   i n  a common radial-axial  plane. 

Discussion. - Fifty-eight  blades were used i n  the   ro tor .  The design 
mean-streamline and blade  surface  velocity  distributions  for  the hub, 
mean, and t i p   s ec t ions  of the ro tor  blade are shown i n  figure 6. The 
design  requirement  of l o w  suction-surface  diffusion has been w e l l  satis- 
f i e d  with  diffusion parameters D, equal  to 0, 0.06, and 0.12 at the  
hub, mean, and t ip   sect ions,   respect ively  ( table  IC). In  order to obtain 
the  required over-all blade loading  with  these low suction-surface  dif- 
fusion parameters, s l i gh t ly  larger values  of  diffusion on the  blade pres- 
sure surface are required. The pressure-surface  diffusion parameters 
Dp are 0.27, 0.12, and 0.06 a t  the  hub, mean, and t i p   s e c t i o n s  of the  
rotor  blade,  respectively  (table 11). These values  are  conservative as 
compared with some of the  values  for  the  transonic  turbines  presented  in 
figure 9 of reference 4. 

In  the  blade  design method used, it is d i f f icu l t   to   ass ign   spec i f ic  
values for the  blade surface diffusion  parameters  over  the  blade  height. 
Once the  blade  prof i le  a d  the  veloci ty   dis t r ibut ion a t  the  hub section 
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nave  been calculated, t h e  blade  profiles and veloci t ies  at the  mean and 
t i p   s ec t ions  can  be  determined. However, experience has sham tha t  for 
reasonably  assigned boundary conditions  the method gives  satisfactory - 
blade  profiles and difmsiori  parameters after several  trial calculatione. 

The experimental equipment used in  the  present  investigation is 
bas ica l ly   the  same as that  described  in  reference 1. Figure 2 of ref-  
erence 1 is a photograph of the  turbine  installation  with  the upper half 
of t h e  casing removed. A schematic  cross  section of t h e  ins ta l la t ion  
showing the  various instrumentation  stations used herein is presented i n  
figure 7. The s t a to r  blades were machined f'rom mild s tee l ,   the   ro tor  
blades from aluminum alloy, and a l l  were hand-finished. The radial t i p  
clearance of the  rotor  was 0.030 inch. 

E 

Instrumentation 

The to ta l   condi t ions   in   the  plenum  chamber (s ta t ion 0) were deter- 
mined by four stagnation-pressure  probes and four stagnation thermocouples. 
The in le t   s ta t ic   p ressure  was measured by averaging  the  readings from 1 2  
taps ,   s ix  on the  inner and six on the  outer wall of the  annulus  about 1 
inch  upstream of the   s ta tor  blade leading edges ( s t a t ion  1). The out le t  
s ta t ic   pressure WBB measured i n  a similar manner using 1 2  t aps   a t   s t a t ion  
5, about 1 .9  inches downstream of the  rotor   blade  t ra i l ing edges. At 
stat ions 1 and 5 the   s t a t i c   t aps  were equally spaced around t h e  annul- 
i n  planes  perpendicular to   the  turbine  axis .  "he exit stagnation tem- 
perature was obtained by averaging  the  readings from four stagnation 
thermocouples located  in   the 28-Fnch-diameter exhaust  duct ( s ta t ion  6 ) ,  
where only small gradients  in'temperature  exist.  Heat-transfer  calcula- 
t ions show a  negligible change in  temperature between s ta t ions 5 and 6 .  

- 
. 

. .  

Torque was measured with a commercial springless dynamometer scale. 
A i r  flow was measured with a submerged f l a t -p l a t e   o r i f i ce   i n s t a l l ed  in 
the 24-inch inlet   duct   to  conform with  the  specifications i n  reference 11. 
An electronic  events-per-unit-time meter was used t o  measure the  turbine 
ro ta t ive  speed.  Absolute rotor-exit  flow angles were measured w i t h  a 
total-pressure claw  probe mounted i n  a self-alining  actuator about 1 . 9  
inches downstream of the  rotor .  Measurements of the  flow  angle were 
transmitted  to an X-Y recorder and plotted  against   the  radial   distance 
traversed by the probe. 

c 
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E 
Experimental  Procedure and Calculations 

.. Over-all performance data were taken  a t  nominal values of  t o t a l -  
pressure  ratio  pi/pi  from 1.3 t o   t h e  maximum obtainable,  while  the 
wheel  speed was varied from 60 t o  ll0 percent of equivalent design speed 
in 5-percent  intervals  (approx. 7,200 t o  13,250 rpm]. The absolute inlet 
pressure was set at 50 inches of mercury (24.6 lb/sq  in.  abs), and the 
temperature was about 80° F. 

The turbine is rated on the   basis  of two different  calculated over- 
a l l  total-pressure  ra t ios .  The ax ia l   to ta l -pressure   ra t io  is based on 
the  rotor-exi t   to ta l   pressure F;,~, which is the  6um of t h e   s t a t i c  pres- 

s u e  plus the  dynamic pressure corresponding t o   t h e  axial component of 
the  exi t   veloci ty  Vx, 5.  The actual   total -pressure  ra t io  is based on t he  
ro tor -ex i t   to ta l  pressure pi, which is the sum of  the static pressure 
plus the  dynamic pressure  corresponding to   the-absolute   veloci ty  at sta- 
t i o n  5, V5. 

u 
0 
a3 A t  t h e   i n l e t  and out le t  of the  turbine the t o t a l  pressure is calcu- 
a l a ted  from continuity  considerations. Using measured values of weight 

I flow, in le t   s ta t ic   p ressure  and t o t a l  temperature, and annulus area, t h e  
3 in le t   to ta l   p ressure  may be obtained from the  following  equation, which 

N 
4 

is a rearranged  form  of  equation ( 2 )  of  reference 12: 

The ou t l e t   r a t ing   t o t a l  pressure is calculated from the  following 
equation, which is a rearranged form of equation (3) of reference 12: 

cos a5 
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The out le t   absolute   total   pressure is c&lculated from 

I , 
c The turbine  efficiency was calculated by taking the  ratio of the 

actual  work output  obtained from measurements of weight flow, torque, and L 

turbine  rotat ive speed t o  the ideal  enthalpy  drop  calculated from the 
measured inlet  temperature and the r a t i o  of inlet t o   ou t l e t   t o t a l   mee -  
sure as obtained from t h e   t o t a l  pressures calculated i n  equations 74) to 
(6) 

RESULTS AND DISCUSBION 

The over-all  performance map fo r  the subject  turbine based on the 
actual   total -pressure  ra t io  is presented i n   f i g u r e  8(a). The equivalent 
specif ic  work  Aht/@,, is plotted  against the weight-flow - mean-blade- 
speed  parameter ewU /6 with the actual   total -pressure  ra t io  p'/pc 
percent  equivalent  design blade speed,  and the  brake  internal   ra t ing 
efficiency 8s parameters. A t  equivalent  design  specific work output and 
equivalent  design  blade speed, the  brake  internal  efficiency is 0.875, - 
and the  weight flow is about 0.9 percent less than the  design  value. The 
work output a t  t h e  point  of  limiting blade loading and design blade  speed 
is  21.4 Btu per pound which is 4 percent greater than the design  value. 
A maximum efficiency of 0.883 occurs at equivalent  design  blade  speed and 
at a value  of  specffic work output  about 4 percent less than design. The 
efficiency is  greater than 0.87 over a large  portion of the performance 
map. 

rn 1 5' 
.I 

The turbine over-all performance map based on the axial to ta l -  
pressure  ratio i s  presented i n  figure 8(b). The brake internal rating 
efficiency st equivalent design blade speed and work output i s  0.870, 
indicating  that  about 1/2 point  in  turbine  efficiency was l o s t   i n  the  
whirl velocity component energy downstream of the rotor .  Thie lose  i n  
available work is comparable t o  the predicted.enqgy 106s of 0.8 percent. - 

The variat ion of the static pressure on the annulus ~8l l .s  downstream 
of the s t a to r  and rotor  blades (s ta t ions 3 and 5) with the actual  over- - 
a l l  total-pressure  ra t io  at equivalent  design blade speed is presented 
i n  f igure  9(a).  An average of hub and t i p  values of s ta t ic   pressure 
downstream of the rotor i s  used because the two values are very  nearly L 

equal. The variation i n  weight flow is shown i n  figure 9(b).  This 
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f igure. indicates  that the  rotor  blades become choked a t  a  pressure  ratio 
of about 2.1. A t  total -pressure  ra t ios  greater than t h i s ,   t he   s t a t i c  

sures at the   ex i t  of the stator hub with  those at the   rotor  exit indicates 
a s l ight   s ta t ic-pressure  r ise   across   the  rotor   blades a t  the  hub even at 
the  point of design work output, although  the  design  velocity diagrams 
require a static-pressure drop across  the  rotor hub. This  difference be- 
tween the measured and the  design  condition may be partly due to inaccurate 
measurements of the   s ta t ic   pressure  a t   the  hub ex i t  of the  stator  blades.  
The supersonic  velocities in this  region may ex i s t  i n  a pat tern such t h a t  
the  measured pressures are not typ ica l  of the  average  flow  conditione. 

- pressures a t  s ta t ion  3 remain constant. A comparison of the   s ta t ic   pres-  

00 
0 
0 
LD 

The rapid  decrease i n  the  pressure downstream of the   ro tor  at to t a l -  
pressure  ratios greater than 2.2 indicates  the  supersonic  expansion that 
precedes limiting  blade  loading. 

The performance map based on the  axial total-pressure rak io  (fig. 
8(b))  indicates  that   the  efffciency drops  off  rapidly  as limiting blade 
loading i s  approached i n  the  rotor  at   design  blade speed. The supersonic 
veloci t ies  and the  attendant shock losses on the  downstream portion of 
t he  r o t o r  blade  suction  surface  apparently  cause  high  losses. The ra t ing  
efficiency  drops 5 points from 0.87 t o  0.82 as the  pressure  ra t io  is in- 
creased f r o m  the  condition of design work output to the  point of maximum 
blade  loading. - 

The effective  rotor  blade momentum thickness was  calculated  with  the 
method presented  in  reference 13. In order t o  compare the  value of the  
- r a t i o  of effect ive r o t o r  blade momentum thickness   to  mean caniber length 
QtoJt f o r  the  subject  turbine with the  values  for  the six transonic tur- 
bines  presented  in  reference 13, a slight correction  for Reynolds nuufber 
was made using  equation (5) of reference 6. The Reynolds nmfber fo r  the  
six transonic  turbines was  used 88 the  reference  value. The resu l t ing  
value of gtot/2 of 0.0104, when plotted  with  the average  design t o t a l  
diffusion parrameter of 0.21 as shown i n  figure 10, agrees  reasonably  well 
with  the data for the  six transonic  turbines. 

., 

SUMMARY OF RESULTS 

The design and performance of a turbine having  high  weight flow per , 

unit   f rontal   area and high  specific work output  are  presented. The sub- . 
ject   turbine had a high r e l a t ive  inlet blade Mach number a t   t he   ro to r  hub 
and was designed f o r  low diffusion on both  the  suction and pressure sur- - 
faces of the  ro tor  blades. The following resu l t s  were obtained  over  a 
range of operating  conditions: 

1. The brake  internal  efficiency based on the  actual  total-pressure 
r a t i o  at   the  equivalent  design  blade speed and specif ic  work output was 
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0.875, which is almost as high as that obtained  for  conservatively de- 
signed  turbines. The efficiency  based on the  axial   to ta l -pressure  ra t io  
a t  this point was 0.870. 

2. By running the turbine at the point of limiting  rotor  blade 
loading and equivalent  design blade speed, a work.output 4 percent greater 
than the design  value was obtained,  but the  over-all  efficiency was 0.05 
lower than at the design  point. This increase in loss was apparently 
caused by the shock waves  and attendant  boundary-layer l o a e e ~  on the  por- 
t i o n  of the  rotor  blade suction  surface downstream of the channel  exit. 

3. The calculated  value of the  r a t i o  of effective  rotor  blade momen- 
tun thickness t o  mean cauiber length of 0.0104 agrees reasonably w e l l  w i t h  
the  values  previously  obtained f o r  transonic turbines. 

L e w i s  -Flight  Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, July 27, 1956 
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bn annular area, sq f t  

acr c r i t i ca l   ve loc i ty  of sound, ft/sec 

C chord  length, f t  

C P 

=P 

DS 

Q 

Ah' 

J 

K 

2 

2, 

' %  

specific  heat at constant pressure, Btu/lb-% 

pressure-surface  diffusion  parameter, 

blade inlet  relative  velocity - minimum blade  surface  relative  velocity 
blade inlet  relative  velocity 

suction-surface  diff'usion parameter, 

maximum blade  surface  relative  velocity - blade outlet  relative  velocity 
maxirmun blade  surface  relative  velocity 

sum of suction- and pressure-surface  diffusion  parameters, Dp + Ds 

weight-flow parameter, W 
p'fq/" 

f t 2  

acceleration due to   gravi ty ,  32.17 ft/sec2 

specific work output, Btu/lb 

mechanical  equivalent of heat, 778.2 ft-lb/Btu 

proportionali ty  factor i n  eq. (Bl) 
length  of mean camber line, f t  

distance from suction t o  pressure  surface  along a l i n e  in a 
tangential   direction, f t  

number of rotor  blades 

% number of s t a to r  blades 

absolute  pressure,  lb/sq f t  
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R 

r 

s 

T 

t 

U 

v 
W 

W 

P 
r 
Y 

ro 

6 

e 

tl 

gas constant, 53.35 ft-Ib/(lb)(OR) 

radius, ft 

absolute  temperature, OR 

trailing-edge  thickness, ft 

blade  velocity , ft /sec 

absolute  gas  velocity,  ft/sec 

r e l a t ive  gas  velocity,  ft/sec 

weight flow, lb/sec 

absolute gas-flow angle measured from axial direction 

r e l a t ive  gas-flow  angle measured from axial   d i rect ion 

circulation, sq ft /sec 

r a t i o  of specific  heats 

blade-chord  angle,  angle between blade chord and axial direction, 
a eg 

r a t i o  of Wet-air  to t a l   p re s su re   t o  NACA standard  sea-level 
pressure of 2ll6 lb/sq ft, pi/p* 

function of y, - P 
r 

8 

1 

brake  internal  efficiency  defined. as r a t i o  of turbine work 
(based on torque,  weight  flow, and  speed measurements } t o  i d e a l  
work (based on i n l e t   t o t a l  temperature, and i n l e t  and outlet  
total  pressure,  both  defined as sum of s ta t fc   pressure and pres- 
sure corresponding to gas  velocity) 

... . - 
- 
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‘1, brake internal   ra t ing  eff ic iency defined as r a t i o  of  turbine work 
(based on torque,  weight flow, and speed measurements) to  idea l  

t o t a l  pressure, both  defined as sum of static prelssure and pres- 
sure correspoding   to  axial component of velocity) 

c work (based on inlet t o t a l  temperature, and inlet and out le t  

eCr squared r a t i o  of c r i t i ca l   ve loc i ty  a t  t u r b i n e   i n l e t   t o   c r i t i c a l  
velocity at NACA standard  sea-level  tempersture (a;r l/aEr)2 

> - 
Btot effective  rotor  blade momentum thickness based on turbine  over-all 

performance, f t  

P gas density,  lb/cu ft 

Subscripts : 

h 

m 

r 

t o t  

., 
U 

X 

0 

4 

5 

6 - 

hub 

mean 

any radius 

t i p  

t o t a l  

tangent ia l  

axial 

s t a t i o n   i n  plenum chardber (see fig. 7) 

s t a t ion  upstream of stator 

s t a t ion  at t r a i l i n g  edge of s t a to r  

s t a t ion  at free-stream  condition between s t a t o r  and ro tor  

s t a t ion  a t  t r a i l i n g  edge of  rotor 

s t a t ion  downstream of ro tor  

s t a t i o n   i n  18-inch-diameter  exhaust  duct  (see fig. 7 )  
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Superscripts: 

* PIACA standard  conditions 

I stagnation state 

f r  re lat ive  s tagnat ion  s ta te  

NACA RM E56G25 

. 
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APPENDIX B 
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In order t o  reduce the blade surface boundary-layer losses by re- 
ducing the blade  surface area and s t i l l  control. the  diffusion on the 
blade surfaces, an attempt was made to  design the s t a to r  w i t h  constant 
blade  loading  over the blade.  height. I n  order t o  approximate the rela- 
t ive  values of axial chord  length at hub, mean, and t ip   sec t ions ,  a 
blade-loading  criterion similar t o  that developed i n  reference 8 was 
used. It was desired t o  hold constant  the r a t i o  of the design  blade 
loading t o  that obtained when the exit static pressure p;! is effect ive 
over the   en t i re  blade suction  surface while the  inlet total   pressure is  
effect ive over the  pressure surface. 'I'hus, i n  the momentum equation  for 
t he   s t a to r  

3 
2 
P the proportionali ty  factor K is held constant  over  the blade height. 
Y "  The r a t i o  of the axial chord a t  any radius can then be related t o  that at :3 the  mean section by the  equation 

- 

C x .r 

For free-vortex-velocity  conditions, 

= constant 

(&Jr = constant 
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Substi tuting  these  relations in to  equation (BE‘) gives 

NACA RM E56G25 

. 

Having set  the chord a t  the mean blade  section,  the chord lengths at the 
hub and t i p   s ec t ions  are calculated from equation (B3). 

r 
I 
I. 
C 
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APPENDIX c 

The angle ’JZ a t  the   s t a to r   t r a i l i ng  edge was calculated  using  the 
following  assumptions : 

(1) No change in   the   t angent ia l  component of velocity  occurs between 
s ta t ions 2 and 3. 

(2 ) The trailing edge lies i n  a radial  plane. 

(3) kisymmetric flow exists. 

( 4 )  The conditions  of  simplified  radial  equilibrium are sa t i s f i ed  
at s ta t ions  2 and 3. 

(5) Free-vortex flow exiks from hub t o   t i p  at s t a t ion  3. 

(6)  A to ta l -pressure   ra t io  pg/ph of 0.99 is assumed. 

-om assumptions (I) and (5), t he   t angen t i a l   c r i t i ca l   ve loc i ty   r a t io  
(Vu/a:r)2 at s t a t ion  2 was determined at each  radius from the  design 
velocity diagrams. However, i n   o rde r   t o  satisfy the  requirements of 
both.  simplFfied  radial  equilibrium and continuity, an i t e r a t i v e  proce- 
dure had t o   b e  used to   f ind  the  absolute   veloci ty  V2 and the  angle 9. 
With an assumed value of 9 at t he  hub section,  values of % w e r e  
found at eight  other  equally  spaced  radial  ststions  by  numerical  integra- 
t i o n  of the  following  equation, which expresses  the  condition of simpli- 
fied radial   equilibrium (eq. (B3), ref. 7):  

- 

%,h sin %!,r J r h  
r 

sin =2 h ‘u,r 
= e  

9 

For these  calculated  values  of  angle and velocity,   the weight  flow w 
was calculated from the  equation 
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The final dist r ibut ion of a2 was obtained through an  i t e r a t ive  
process  such that the weight flow calculated i n  equation (C2) agreed with 
the  design  value  within  one-tenth of 1 percent. ” 

01 
0 
c 
m 
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APPENDIX D 

CALCULATION OF MEXN STREAMLINES IN ROTOR BLADE PASSAGE 

With a given  blade  profile at the  hub r ad ia l   s t a t ion  and an assumed 
veloci ty   dis t r ibut ion on the  mean streamline a t   t h a t   s t a t i o n ,   t h e  mean 
streamlines and corresponding  velocity  distributions w e r e  calculated a t  
the  mean and t i p   s t a t i o n s   i n  a manner such that free-vortex  conditions 
were sa t i s f i ed  along radial. elements. 

U s i n g  values of the  blade  speed (U/a&)3,r and the  tangent ia l  
c r i t i c a l   v e l o c i t y   r a t i o  (Vu/aAr)3 J r  from the   veloci ty  diagrams , t he  
r a t i o  of r e l a t ive   c r i t i ca l   ve loc i ty   t o   abso lu t e   c r i t i ca l   ve loc i ty  was 
calculated at each radial s t a t ion  from the   re la t ion  

- With the assumed values of c r i t i ca l   ve loc i ty   r a t io  (W/a&)h and flow 
angle Bh at each of 11 axial s ta t ions  a t  the  hub, the  following proce- 

- dure was"used: 

(1) The a x i a l  and tangential  components of c r i t i c a l   v e l o c i t y   r a t i o  
a t  each a x i a l   s t a t i o n  on the  hw3  mean streamline were calculated  with 
the  following  relations: 

3,h 
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( 2 )  Then, a t   t h e  mean and t i p   s t a t i o n s  along r a d i a l   l i n e s   a t  each 
of the axial stat ions through the   rotor ,  the tangential  and axial compo- 
nents of t he   c r i t i ca l   ve loc i ty   r a t io  along  the mean streamlines were 
calculated from the  free-vortex  relations 

(3) The c r i t i ca l   ve loc i ty   ra t ios  and flow  angles on the mean stream- 
l i nes   r e l a t ive  to the ro tor  w e r e  determined a t  the  mean and t i p  radial 
s ta t ions at each of the 11 axial stat ions from the following  relations: 

($)r = (gJr (%) 3,r 

(z), = (")r (%) 3,r 

B, = tan-1 

f 

t 
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TA3m II. - SUKFACE DIFFUSION P-S FOR 

STATOR AND ROTOR BLADES 

Blade 

Stator 

R o t o r  

parameters 

surface,  surface, Dtot I Ds I DP I 
Hub 0.26 0 0.26 
Mean .18 .07 .25 
Til! .10 .29 .39 

Eub 0 0.27 0.27 
Mean .06 .12 .18 
Tip .12 .06 .18 
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Statim 

0.909 
-9 -4' 775 

(a) Hub; r/rt. 0.60. (b) lean; r/rt, 0.60. ( c )  Tlp; r/rt, 1-00. 

F i g u r e  1. - Turbine velocity dlme~ama. 
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Figure 4 .  - Design stator mean atreamline and surface 

an function of percent aver-al l  length. 
velocity  diatributions at hub, mean, and t i p  sectiom 
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Figure 5. - Turbine rotor. 
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1 
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k 
=0 s " Estimated t o   s a t i s f y  

-1oadlng regulrement ' 

( b )  Mean. 
1. 
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0 .2 .4  .6 .8 1.0 1.2 1.4 
Axial  location,  in. 

(c) Hub. 

Figure 6 .  - Design rotor  midchannel and surface  velocity 
distributions at hub,  mean, and t i p  aectlons as function 
of axial  location. 
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(a) Static pressure behind stator and rotor. 

(b) Equivalent weight flow. 

Figure 9 .  - Variation of statio pressure behind s tator  and rotor and  equivalent weight 
flow with actual total-pressure ratio acros8 turbine at design speed. 
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2 .3 . 4  .5 .6 .7 
Design total surface diffusion parameter, D t o t  

Figure 10. - Comparison of ratio of effect ive  rotor  blade 
mmentum t h i c h e s e  t o  mean camber length of mibject turbine 
with  values  presented in reference 13. 
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